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Search for SUSY with CMS 

Frank Würthwein 
UCSD 

A select set of topics from 8TeV search program 



Overview 

•  Introduction of “target spectrum” 
•  Searches for weakly interacting SUSY 
•  Searches for stop and sbottom 
•  Searches for gluino 
•  Natural SUSY without a Dark Matter 

candidate 
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SUperSYmmetry Overview 
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•  SUSY introduces partners to SM with Δspin = ½ 
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•  SUSY introduces partners to SM with Δspin = ½ 
•  Wide variety of signatures due to rich phenomenology 
•  Mixing produces 2 charginos & 4 neutralinos 
•  Lightest SUSY particle (LSP) provides WIMP dark 

matter candidate -> MET signature in detector. 
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SUSY Production Xsection 

•  SUSY production fully specified by: 
–  Parton distribution functions 
–  Gauge Couplings -> same as SM 
–  SUSY particle masses 5/17/13 6 
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•  SUSY production cross sections fully specified by:!
–  Parton distribution functions!
–  Gauge couplings → same as SM particles!
–  SUSY particle mass (x-axis) and spin!
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To set the scale 

•  “threshold” for producing ~ 40 events 
–  Gluinos @ ~ 1300 GeV 
–  Stop/sbottom @ ~ 850 GeV 
–  Chargino/neutralino @ ~ 700GeV 5/17/13 7 
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
LHCP 2013

 = 7 TeVs
 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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The Grand Summary 
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RPC 

Large variety of searches 
probing wide range of models 

For this talk: 
Decided to pick a theme, 

and focus on a subset of only 
8TeV searches. 

No SUSY found 
anywhere! 

RPV 



Theme for this talk 

•  Is SUSY relevant to Electroweak Symmetry 
Breaking ? 

⇒ “Natural SUSY” 

•  To what extent have we probed “Natural 
SUSY” ?  

5/17/13 9 



Naturalness for Experimentalists 
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is based on the fundamental relationships between the 19
§
weak scale soft SUSY-breaking

parameters of the pMSSM, denoted here as pi (1 ≤ i ≤ 19), the mass of the Z boson and the

effective scalar mass parameters in the Higgs potential. Specifically, we consider the relation

M2
Z
= −2µ2

+ 2
m2

Hd
− t2

β
m2

Hu

t2
β
− 1

, (4)

where tβ = tan β and m2
Hd,u

are the usual doublet mass terms in the Higgs potential. This re-

lationship is assumed to hold beyond tree-level and include well-known radiative corrections.

Since the masses m2
Hd,u

themselves depend upon the various pi via these loop corrections,

the usual quantities

Zi =
∂(logM2

Z
)

∂(log pi)
=

pi
M2

Z

∂M2
Z

∂pi
(5)

can then be directly calculated. We then define the overall amount of FT in a given pMSSM

model via the single parameter [23, 24]

∆ = max(|Zi|) , (6)

although an alternative definition of fine-tuning,

δ =
��

i

Z2
i

�1/2
, (7)

will also be considered briefly in the discussion below. Clearly in the limit that only one of

the Zi dominates in this sum these two definitions will yield essentially identical results. In

practice, this need not be the case, although the contributions to both fine-tuning measures

are indeed dominated by only a few of the Zi. Generally we expect that in a given model, δ
will be somewhat larger (by factors of a few) than ∆. Thus requiring δ to lie below a specific

value will place a stronger fine-tuning constraint than requiring ∆ to be below that same

value.

In performing our calculations of fine-tuning we employ the same assumptions used

during the generation of our two model sets (in particular, that the masses and Yukawa

couplings and, for consistency, the associated A-terms of the SM fermions of the first two

generations are zero). In this case, the 1-loop, leading-log (LL) contributions to the Zi

arising from the five pMSSM Lagrangian parameters MQ1,2, ML1,2, Mu1,2, Md1,2 and Me1,2

are all identically zero and, in addition, the corresponding 2-loop, next-to-leading-log (NLL)

contributions from these same parameters are very highly suppressed and can be safely

ignored.

For a generic pi, contributions to the corresponding Zi may first appear at tree-level,
LL or NLL order. Although in most cases we will keep only the leading term, in some cases

the numerics warrant including the higher order contribution as well. All of the various

§For the gravitino LSP model set, the effect of m3/2 on the fine-tuning is completely negligible.

23

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ∼ 246GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

“Large” cancellations are “unnatural” 

Small stop mass 

Small higgsino masses 

since no hard info, yet, on the crucial configuration
SUSY still well alive,

see, e.g., Dimopoulos, Giudice for SUGRA-mediation, 1995
(to be made more precise in any given SB-mediation scheme)

The key equations:

δm2
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3y2
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2nd order loop contributions to second term  
also require the gluino  

not to be too large in mass. 

Cartoon from 
arXiv:1110.6926 

Eq. from 
arXiv:1206.5800 



Target SUSY Spectrum 
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Figure 1: A particular representation of the generic s-particle spectrum below 1 TeV con-

sidered in this paper

side, mg̃ drives a one loop effect on mQ̃ and mũ, that wants to make them too heavy, depending
on the messenger scale. On the low side, gluino-sbottom exchanges in ∆F = 2 [3][4] and ∆B = 1
[5][6] amplitudes with CKM-like angles point to a not too light gluino. An interesting range for
the gluino mass is between 500 GeV and 1 TeV. Naturalness allows the remaining s-particles to
be heavy enough to play little role in the LHC phenomenology, at least in a first stage. This is
the case for all the s-fermions with small coupling to the Higgs system, that can go in the 2 ÷ 3
TeV range1[7], and for the electroweak gauginos, that can safely be taken at about 500 GeV or
even higher. As we are going to see, an advantage of considering this configuration of s-particle
masses is that its main LHC phenomenology is fully determined by a few physical parameters,
irrespective of the underlying theoretical model.

2 Relevant productions and decays at the LHC

Fig. 1 shows a particular representation of the generic s-particle spectrum that we are led to
consider below 1 TeV. The lightest s-fermions are mostly higgsino-like, have an average mass µ,
a small splitting among them, in the 10 GeV range, and a definite order, mχ2 > mχ± > mχ1 .
The decay among them of the heavier into the lighter ones via virtual W and Z produces also
leptons, whose possible detection has been analyzed in Ref. [9]. The softness of these leptons,
however, make us consider other signals of this configuration of s-particles. As a consequence,
the splitting among the light higgsinos can be safely neglected. Furthermore, as anticipated, the
heavier (mostly) electroweak gauginos play no relevant role. Although they can occur in two body

1
Unification considerations may suggest that not only t̃1, t̃2 and b̃L but all the third generation s-fermions be

relatively lighter than those ones of the first two generations. This could still be consistent with current flavor

constraints, although bringing the focus also on the µ→ e+γ transition, mediated by stau-gaugino exchanges, and

on the ongoing experiment at PSI[8]. From the point of view of the LHC signals discussed below nothing would

change as long as the right sbottom mass is comparable or heavier than mg̃ and both τ̃ ’s and the third generation

s-neutrino(s) are heavier than µ. In turn the heaviness of b̃R relative to b̃L could be due to the smallness of the

bottom Yukawa coupling relative to the top one in their running effects on the squark masses.

2

R.Barbieri & D.Pappadopulo 
JHEP 0910:061,2009 

Discuss 3 types of searches: 

Pair production of  
 weakly interacting SUSY particles, 
 stop and sbottom, 
 gluinos.  

3 ewk mass scales 



SUSY Signatures in Detector 

•  Jets: # of jets, HT = sum of jet pT, # of b-tagged jets 
•  Leptons: electrons, muons, tau 
•  MET: transfer momentum imbalance 

5/17/13 12 



Pair Production of  
weakly interacting s-particles  
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Mass Scales 
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B! !1
0

W3,W
± ! !2

0, !1
±

Hu,Hd ! !3
0, !4

0, !2
±

3 independent mass scales 
Sparticle masses (almost) degenerate at each scale, 

unless scales are “close” to each other. 
Search for decay products in cascades  

between scales plus MET from LSP. 
For details on mass splittings see:  
Gunion,Haber PRD 37, 2515 (1988)   

“Bino”: 

“Wino”: 

“Higgsino”: 



Search Strategies 

•  Search with 2,3,4 lepton in 9.2/fb @ 8TeV  
– Dilepton 20/10 pT trigger ee, eµ, µµ 

•  Extra e,µ (tau) w. pT > 10(20)GeV 

– Same-sign and Opposite sign dileptons with e,µ 
– 3,4 leptons with at most one hadronic tau 
– Distinguish with/without OSSF candidate 

•  OSSF = opposite sign same flavor e, µ 

5/17/13 15 

SUS-12-022 

In the following only a subset of the results are shown. 
 
More details at: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS12022 
 



Tri-leptons & MET > 50GeV 
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OSSF Same-sign & e/µ 

Same-sign & tau OSOF & tau 



Z + MET + dijets 
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Interpretation as WZ+MET 
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Interpretation in Higgsino GMSB model 
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Summary Ewkinos 
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Pair production of  
sbottom and stop 
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Figure 1: A particular representation of the generic s-particle spectrum below 1 TeV con-

sidered in this paper

side, mg̃ drives a one loop effect on mQ̃ and mũ, that wants to make them too heavy, depending
on the messenger scale. On the low side, gluino-sbottom exchanges in ∆F = 2 [3][4] and ∆B = 1
[5][6] amplitudes with CKM-like angles point to a not too light gluino. An interesting range for
the gluino mass is between 500 GeV and 1 TeV. Naturalness allows the remaining s-particles to
be heavy enough to play little role in the LHC phenomenology, at least in a first stage. This is
the case for all the s-fermions with small coupling to the Higgs system, that can go in the 2 ÷ 3
TeV range1[7], and for the electroweak gauginos, that can safely be taken at about 500 GeV or
even higher. As we are going to see, an advantage of considering this configuration of s-particle
masses is that its main LHC phenomenology is fully determined by a few physical parameters,
irrespective of the underlying theoretical model.

2 Relevant productions and decays at the LHC

Fig. 1 shows a particular representation of the generic s-particle spectrum that we are led to
consider below 1 TeV. The lightest s-fermions are mostly higgsino-like, have an average mass µ,
a small splitting among them, in the 10 GeV range, and a definite order, mχ2 > mχ± > mχ1 .
The decay among them of the heavier into the lighter ones via virtual W and Z produces also
leptons, whose possible detection has been analyzed in Ref. [9]. The softness of these leptons,
however, make us consider other signals of this configuration of s-particles. As a consequence,
the splitting among the light higgsinos can be safely neglected. Furthermore, as anticipated, the
heavier (mostly) electroweak gauginos play no relevant role. Although they can occur in two body

1
Unification considerations may suggest that not only t̃1, t̃2 and b̃L but all the third generation s-fermions be

relatively lighter than those ones of the first two generations. This could still be consistent with current flavor

constraints, although bringing the focus also on the µ→ e+γ transition, mediated by stau-gaugino exchanges, and

on the ongoing experiment at PSI[8]. From the point of view of the LHC signals discussed below nothing would

change as long as the right sbottom mass is comparable or heavier than mg̃ and both τ̃ ’s and the third generation

s-neutrino(s) are heavier than µ. In turn the heaviness of b̃R relative to b̃L could be due to the smallness of the

bottom Yukawa coupling relative to the top one in their running effects on the squark masses.
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side, mg̃ drives a one loop effect on mQ̃ and mũ, that wants to make them too heavy, depending
on the messenger scale. On the low side, gluino-sbottom exchanges in ∆F = 2 [3][4] and ∆B = 1
[5][6] amplitudes with CKM-like angles point to a not too light gluino. An interesting range for
the gluino mass is between 500 GeV and 1 TeV. Naturalness allows the remaining s-particles to
be heavy enough to play little role in the LHC phenomenology, at least in a first stage. This is
the case for all the s-fermions with small coupling to the Higgs system, that can go in the 2 ÷ 3
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however, make us consider other signals of this configuration of s-particles. As a consequence,
the splitting among the light higgsinos can be safely neglected. Furthermore, as anticipated, the
heavier (mostly) electroweak gauginos play no relevant role. Although they can occur in two body
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Search Strategies 
•  2 b + MET 

– Fully hadronic search using alphaT and binned 
in b-tags, # of jet and HT. 

•  SUS-12-028 “alphaT”  (11.7/fb @ 8TeV) 

•  2 top + MET 
– 1-lepton & 4 jets & 1 b-tag analysis optimized 

for stop to top X0 decay. 
•  SUS-13-011 (19.5/fb @ 8TeV) 
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Fully Hadronic alphaT 
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For details see: arxXiv:1303.2985 
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Remaining bkg estimated from data control regions with 
transfer factors from MC for each of the 67 signal regions. 
Transfer factors checked by extrapolating yields between 
appropriately chosen control regions.   
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Interpretation 
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2 top + MET final state 

•  1 high pT>25 (30) isolated µ(e) 
•  Additional isolated track or hadronic tau veto 

to suppress bkg from top pair to dileptons 
•   ≥4 jets, ≥1 b-tag to suppress W+jets 
•  MET > 100GeV 
•  MT > 120GeV to suppress lepton+jets from 

both W and top. 
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Signal region definitions 
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SIGNAL REGION DEFINITIONS 
!  Signal regions target different decay modes and a range of signal kinematics 

!  BDT analysis (primary result): combine several kinematic variables in a BDT, 
perform cut-and-count analysis in signal regions defined by cuts on the BDT 
discriminant 

!  Cut-based analysis (cross-check): apply cuts on kinematic variables, perform 
cut-and-count analysis in signal regions with MET requirements 
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Bkg Estimation Strategy 
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Yields & Interpretation 
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Sample BDT1 Loose BDT1 Tight BDT2 BDT3 BDT4 BDT5 

tt➞ ℓℓ 438 ± 37  68 ± 11 46 ± 10 5 ± 2 0.3 ± 0.3 48 ± 13 

1ℓ Top 251 ± 93 37 ± 17 22 ± 12 4 ± 3 0.8 ± 0.9 30 ± 12 

W+jets 27 ± 7 7 ± 2 6 ± 2 2 ± 1 0.8 ± 0.3 5 ± 2 

rare 47 ± 23 11 ± 6 10 ± 5 3 ± 1 1.0 ± 0.5  4 ± 2 

Total 763 ± 102 124 ± 21 85 ± 16 13 ± 4 2.9 ± 1.1 87 ± 18 

Data 728 104 56 8 2 76 
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Sensitivity around mtop 
•  Reduced sensitivity in region Δm = mt-mχ0 ~ mtop 

–  Momentum of the χ0 is reduced in the ‘compressed’ region ➞ 
reduced source of MET which is the main discriminator from 
background 

–  Results in a reduced MT acceptance 
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Top Polarization 

5/17/13 31 

  [GeV]t~ m
200 300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400
BDT analysis

0
1
χ∼ t → t~, t~ t~ →pp Observed (unpolarized top)

Observed (right-handed top)
Observed (left-handed top)

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS Preliminary                                  
t

 = 
m

0
1χ∼

 - mt~m
W

 = 
m

0
1χ∼

 - mt~m
Top polarization in stop decay depends on both stop mixing  
and neutralino mixing => very model dependent. 

Provide limit for two extremes. 
And choose unpolarized for 
our nominal result. 

Impact of polarization on limit ~ +- 20 GeV 



Summary of stop and 
sbottom pair production 

•  2 b + MET final state, limits up to 600/200 
GeV for squark/LSP combos. 

•  2 top + MET final state, limits up to 650/250 
GeV for squark/LSP combos. 
– Problematic region near Δm ~ mtop 
– Reduced sensitivity in mW < Δm < mtop 
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No sensitivity for mLSP > 250GeV  
for any stop/sbottom mass 



Pair production of gluinos 
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For this talk, we focus on these two signatures. 

4 b & MET 4 top & MET 



Four Final States 
•  0-lepton: binned 3d fit in HT, MET, # of b-

tags 
•  1-lepton: ≥ 6 jets out of which ≥ 2 are b-

tagged, HT > 500GeV, 2 methods to define 
signal region & estimate bkg. 

•  2-leptons: same-sign e/µ, ≥ 2 b-tags 
 

•  ≥ 3-leptons: e/µ, # of jets ≥ 2, ≥ 1 b-tags,  
   MET > 50GeV 
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arXiv:1305.2390 

JHEP03 (2013) 037 

SUS-13-007 

SUS-13-008 



HT vs MET vs b-tag fit 
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For details, see: arXiv:1305.2390 

0-lepton 



HT vs MET vs b-tag fit 
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HT vs MET vs b-tag 
Interpretation 
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Aside on “Compressed Spectra” 
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Modeling Jet Production

b

b

~
b

~
b

Close to the diagonal, we trigger 
and select the events only 
thanks to the associated jet 
production (e.g. ISR boost)

http://arxiv.org/pdf/1207.1613.pdf

Herbi K. Dreiner et al.

Fig. 1: A comparison of the uncertainty in the ISR jet pT distribution for the production of squarks (Mq̃ = 500 GeV) between
the parton shower prediction (green, light), MLM matching (pink, medium) and CKKW matching (blue, dark). The parton
shower uncertainty is found by varying the Pythia 6 and 8 parton showers between the ‘wimpy’ and ‘power’ settings [22].
The matching uncertainties are found in both cases by varying the matching scales between 50 and 200 GeV and additionally
for MLM matching by varying the parton shower between the ‘wimpy’ and ‘power’ settings. For the softer jet 3 (the first
unmatched jet), the relative uncertainty of the parton shower approach is reduced since the phase space for this emission is
better constrained.

In addition we would like a smooth transfer between the
different areas of validity. Finally, the prediction should
not have a significant dependence on the chosen match-
ing scale or parton shower. Within SUSY we have the
additional problem that we can double count events with
resonant propagators, which must be removed [22,25].

To independently check the predictions of the match-
ing algorithm, two approaches were used. First is the
integrated MLM [21] matching available in Madgraph 5
[25, 26] which is interfaced with the Pythia 6 shower [23].
To estimate the uncertainty, we varied the matching scale
between 50 and 200 GeV and independently the parton
shower between the ‘wimpy’ and ‘power’ settings. As seen
in Fig.1, this results in a significant reduction in the uncer-
tainty compared to the parton shower alone. The second
approach was the CKKW-L [19, 20] matching algorithm,
developed for Pythia 8 [24, 27]. It was adapted to work
with SUSY1 and gives consistent results to those obtained
with MLM matching, Fig.1.

Simplified Models. – In order to reduce the SUSY
parameter space and place model independent limits, we
use three simplified models. The idea is to investigate
the ‘worst case’ scenario for R-parity conserving SUSY.
We thus assume that either the first two generations of
squarks or the gluinos or both are quasi-degenerate with
the LSP. The degeneracy has the effect of making all of
the SUSY decays invisible to the detector as the produced
charged particles are too soft to be reconstructed. There-
fore, events with ISR are solely relied upon to set any
limits on the model.

1
We would especially like to thank Stefan Prestel for his invalu-

able help in adapting the algorithm.

Our first scenario is labeled the ‘Decoupled Gluino’
model, Fig.2(a). Here the first two generations of squarks
are quasi-degenerate with the LSP (1-100 GeV mass split-
ting) while the gluino is completely removed from the sce-
nario. The idea is to set a lower limit on the first two
generation squarks masses that is completely independent
of the gluino mass. The third generation of squarks are left
free (obviously heavier than the LSP) because in general
the Yukawa contribution to the running of the mass leads
to a splitting between these and the first two generations
of squarks. However, a degenerate contribution can easily
be added by simply rescaling the cross-section by 5/4 for
only sbottoms or 6/4 for stops as well.

The second scenario we name the ‘Decoupled Squark’
model, Fig.2(b). Here the gluino is quasi-degenerate with
the LSP (1-100 GeV mass splitting) and the first two gen-
erations of squarks are removed from the model. In the
limit that all squarks are removed from the scenario it
must be stated that the gluino becomes stable and a dis-
tinctive signal would therefore be seen as so called ‘R-
hadrons’. In fact, even for moderate squark masses it is
easy to make a gluino in a compressed spectra long-lived.
However, it is possible that the third generation squarks
could be much lighter than the other squarks. These could
mediate prompt gluino decay whilst having a negligible
impact on the search. Therefore we assume a prompt de-
caying gluino in this scenario as an interesting limiting
case.2

As a third scenario we consider the ‘Equal Mass’ model,
Fig. 2(c). Here, the gluino mass is set quasi-degenerate
with the LSP (1-100 GeV mass splitting) and the first two

2
Such models are already being investigated by the LHC collab-

orations. [28]

p-2

The use of ME+PS with 
matching reduces the 
uncertainty on the jet 

spectrum 
9

Thursday, April 18, 13

http://arxiv.orrg/pdf/1207.1613.pdf 
 

Close to diagonal we trigger & select  
because of ISR jet production.  

ME+PS reduces uncertainties, 
but needs validation in data. 

More details on signal MC see M.Pierini at DESY workshop. 



Compare Recoil pT in data & MC 
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Z+jets Top pairs 

Select dilepton & 2 b-tags 
Rest of event is recoil. 

Derive recoil pT dependent correction from data/mc shape. 
Apply to signal MC & take full correction as systematic error. 

For details see SUS-13-011 



Large HT,MET, jets, 1-lepton  
•  ≥ 6 jets out of which ≥ 2 are b-tagged 

– pT > 40GeV, HT > 500GeV 
•  1 isolated e or µ w. pT > 20GeV 
•  Two Analyses: 

–  “Lepton Spectrum” Method: 
•  MET > 250GeV 
•  Use lepton spectrum to predict bkg MET spectrum 

–  “ST
lep vs Δϕ(W,lep)” Method: 

•  Bin in ST
lep = pTlep + MET for Δϕ(W,lep) > 1 

•  Use Δϕ(W,lep) < 1 to predict bkg 
5/17/13 40 



Results for “ST
lep” Method 
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No excess => setting limits !!! 



Interpretation 
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≥ 3-lepton & b-tags Search Strategy 
•  ≥ 3 isolated > 20/10/10 GeV leptons (e/µ) 
•  # of jets ≥ 2, ≥ 1 b-tags, MET > 50GeV 
•  Exclusive search regions in HT, MET, # of jets, # of b-tags, 

with/without Z candidate 
•  Multi-bin fit to extract limits 
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Lot’s more interpretations 
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t̃ → tχ̃0

t̃ → bχ̃±

t̃t̃∗ → tt̄χ̃0χ̃0

t̃t̃∗ → tt̄χ̃0χ̃0 → bb̄W+W−χ̃0χ̃0

t̃t̃∗ → bb̄χ̃+χ̃− → bb̄W+W−χ̃0χ̃0
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See SUS-13-008,011 and  
JHEP03 (2013) 037 for details.  



Summary 4b & MET, 4top & MET 

•  Gluino masses up to 1.2 or 1.3 TeV are 
ruled out for LSP masses of up to 600GeV. 

•  Details of resonance structure matter little. 
•  While we have not yet shown the sensitivity 

for 2 top 2b & MET, it seems unlikely to be 
very different once all final states are 
combined.  
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Fairly general “natural gluino” limit of ~1.2TeV  
for up to 600GeV LSP mass. 



Natural SUSY Summary 
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Figure 1: A particular representation of the generic s-particle spectrum below 1 TeV con-

sidered in this paper

side, mg̃ drives a one loop effect on mQ̃ and mũ, that wants to make them too heavy, depending
on the messenger scale. On the low side, gluino-sbottom exchanges in ∆F = 2 [3][4] and ∆B = 1
[5][6] amplitudes with CKM-like angles point to a not too light gluino. An interesting range for
the gluino mass is between 500 GeV and 1 TeV. Naturalness allows the remaining s-particles to
be heavy enough to play little role in the LHC phenomenology, at least in a first stage. This is
the case for all the s-fermions with small coupling to the Higgs system, that can go in the 2 ÷ 3
TeV range1[7], and for the electroweak gauginos, that can safely be taken at about 500 GeV or
even higher. As we are going to see, an advantage of considering this configuration of s-particle
masses is that its main LHC phenomenology is fully determined by a few physical parameters,
irrespective of the underlying theoretical model.

2 Relevant productions and decays at the LHC

Fig. 1 shows a particular representation of the generic s-particle spectrum that we are led to
consider below 1 TeV. The lightest s-fermions are mostly higgsino-like, have an average mass µ,
a small splitting among them, in the 10 GeV range, and a definite order, mχ2 > mχ± > mχ1 .
The decay among them of the heavier into the lighter ones via virtual W and Z produces also
leptons, whose possible detection has been analyzed in Ref. [9]. The softness of these leptons,
however, make us consider other signals of this configuration of s-particles. As a consequence,
the splitting among the light higgsinos can be safely neglected. Furthermore, as anticipated, the
heavier (mostly) electroweak gauginos play no relevant role. Although they can occur in two body

1
Unification considerations may suggest that not only t̃1, t̃2 and b̃L but all the third generation s-fermions be

relatively lighter than those ones of the first two generations. This could still be consistent with current flavor

constraints, although bringing the focus also on the µ→ e+γ transition, mediated by stau-gaugino exchanges, and

on the ongoing experiment at PSI[8]. From the point of view of the LHC signals discussed below nothing would

change as long as the right sbottom mass is comparable or heavier than mg̃ and both τ̃ ’s and the third generation

s-neutrino(s) are heavier than µ. In turn the heaviness of b̃R relative to b̃L could be due to the smallness of the

bottom Yukawa coupling relative to the top one in their running effects on the squark masses.

2

Most significant  
constraints  

on ewkino sector 
within context of GMSB. 

gluino mass below  
1.2TeV ruled out 

Bulk of stop/sbottom range  
significantly constrained,  

but loopholes remain. 



Natural SUSY without a Dark 
Matter Candidate 
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RPV Intro 

•  Three trilinear Yukawa couplings. 
•  Can result in a near infinitely diverse set of 

experimental observables. 
•  We pick illustrative examples rather than 

attempting completeness. 
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RPV Stop Decays 
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LLE122 coupling 
e/µ e/µ ν top 

LLE233 coupling 
e/µ τ ν top .or. τ τ ν top 

LQD233 coupling 
   e/µ bt t .or. νbb t 

“Standard” stop to top X0,  
followed by RPV X0 decay 

Searched for in ≥3 leptons 
with ≤1 hadronic tau. 



≥3 leptons Analysis 
•  20/10 pT ee/eµ/µµ dilepton trigger 
•  Additional e/µ (tau) with pT>10 (20)GeV 
•  At most one hadronic tau out of 3(4) leptons 
•  All leptons are prompt and isolated 
•  Distinguish 3 (4) leptons with/without tau 
•  Bin in ST = MET + HT + pT of leptons 
•  Distinguish Z to dilepton events 
•  Distinguish ≥ 1 b-tag events 
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≥3 leptons Results 
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No Excess anywhere => Setting limits 

Choose ST binning to measures mass 
of stop irrespective of decay details. 

X0 masses 100 vs 1300GeV 
for blue dashed vs solid  

for stop mass 700 vs 1200GeV 

Z veto && b-tag 

!(Z veto && b-tag) 
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LLE122 coupling 
e/µ e/µ ν top 

LLE233 coupling 
e/µ τ ν top .or. τ τ ν top 

≥3 leptons Results 

Smaller eff. for tau => weaker limit! 
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LQD233 coupling 
   e/µ bt t .or. νbb t 

≥3 leptons Results 
7

Table 2: Kinematically allowed stop decay modes with RPV coupling λ�
233. The allowed neu-

tralino decay modes for mt < m�χ0
1
< m�t are �χ0

1 → µtb̄ + νbb̄.
region label kinematic region stop decay mode(s)

A mt < m�t < 2mt, m�χ0
1

�t → tνbb̄
B 2mt < m�t < m�χ0

1
�t → tµtb̄ + tνbb̄

C m�χ0
1
< m�t < mW + m�χ0

1
�t → �νb�χ0

1 + jjb�χ0
1

D mW + m�χ0
1
< m�t < mt + m�χ0

1
�t → Wb�χ0

1
E mt + m�χ0

1
< m�t �t → t�χ0

1
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Figure 3: 95% CL limits for stop mass in models with RPV couplings λ122, λ233, and λ
�
233 with

diagrams of the relevant RPV decays. For the couplings λ122 and λ233, the region to the left of
the curve is excluded. For λ

�
233, the region inside the curve is excluded. The different regions

on the λ
�
233 exclusion correspond to regions where the stop decays to different products and are

explained in Table 2.

Complicated BR x eff. 
=> Complicated exclusion 

 νbb dominates over e/µ bt  
in A,B and parts of E.   
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Final state b-jets Scenario(s)

(τ+j)(τ−j) 0 LQD332

(jj)(jj) 0, 2 UDD312/323

8j 4, 6 UDD312/323 with H̃ decaying via t̃; UDD213 with H̃
± → H̃

0

�
+
�
− + 6j 2, 4, 6

LQD232/233 with H̃/W̃ (unless decays via b̃L or b̃R)

LQD221/123 with W̃

τ
+
τ
− + 6j 2, 4, 6

LQD332/333 with H̃/W̃ (unless decays via b̃L or b̃R)

LQD321/323 with H̃-ν̃τ/τ̃L or W̃ (with or without χ̃± → χ̃
0)

τ
±
τ
± + 6j 2, 4 LQD321/323 with H̃-ν̃τ/τ̃L or W̃ , with χ̃

± → χ̃
0

tt+ 6j 2, 4 UDD212/213 with g̃/B̃; UDD213 with H̃

tt+ 4j +MET 2, 4, 6

LQD321/323 with g̃/B̃

LQD323/233/333 with H̃ decaying via b̃R

LQD232/233/332/333 with H̃/W̃ decaying via b̃L

LQD232/233/332/333 with B̃ (unless decays via t̃)

(tt or tt) + 6j 4, 6 UDD312/323 with H̃
± → H̃

0

tt+ 2τ + 4j
2, 4 LQD321/323 with g̃/B̃; LQD323 with H̃-b̃R

tt+ τ + 4j +MET

τ
+
τ
−
W

+
W

− + 2j

0 LQD323 with b̃Rτ +W
+
W

− + 2j +MET

W
+
W

− + 2j +MET

4 tops + 4j 4, 6 UDD312/323 with B̃

6j +MET 2, 4

LQD221/123/321/323 with W̃

LQD321/323 with W̃
± → W̃

0

LQD232/332 with W̃
± → W̃

0 (unless decays via t̃)

LQD323 with H̃
± → H̃

0 → b̃R

�+ 6j +MET 2, 4 LQD221/123 with W̃

τ + 6j +MET 2, 4
LQD321/323 with W̃ (with or without W̃± → W̃

0)

LQD323 with H̃
± → H̃

0 → b̃R

τ
+
τ
− + 2b + MET 2 LLE123/233 with heavy W̃

W
+
W

− + 4j 0 UDD213 with b̃R

Table 6: Dominant final states in scenarios for which the coverage is insufficient (for mstop � 500 GeV).

See tables 1–4 for more detailed descriptions of the scenarios mentioned. The chargino is assumed to decay

directly via a sfermion and its RPV coupling (rather than transition to a neutralino first), except where

explicitly noted otherwise. As before, couplings related by interchanging electrons and muons, or first and

second generation quarks, are listed just once. The second column indicates the possible number of b-jets

in each scenario (including those coming from top decays, where relevant).

to a diverse spectrum of possible final states, the current limits on many of which are very weak or
non-existent.

In table 6, the scenarios for which the limit on the stop mass does not exceed 500 GeV are

28

From 1209.0764 

RPV stop decay  
final states that we  
(at the time) did not  
cover well in either 

ATLAS or CMS. 



Natural RPV Summary 

•  We started … 
•  … but RPV has such a rich phenomenology 

that we are still far from done. 
•  1-lepton, many jets, modest or no MET final 

state would go a long way to complement 
what we already have. 
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Summary & Conclusions 

•  A very diverse program of SUSY searches 
with the 7TeV and 8TeV datasets has been 
completed. 

•  Starting to place significant constraints on 
“Natural SUSY” 

•  Program at 8TeV is far from over, many 
more analyses to come this summer. 
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Backup 
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Yields for Ewkino Searches 

59 

Trileptons 
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Yield Tables for Z+MET+djets 
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